We investigated the developmental time course of molecular expression of α v β 3 subunits in a carcinogen-induced rat mammary tumor model for human ductal carcinoma in situ (DCIS). Tumors during various stages of growth (from <0.1 to >2.0 cm) were analyzed immunohistochemically for the expression of the α v β 3 integrin and its subunits. In general, the expression profiles of these integrin subunits were directly proportional to the size of the tumor. The pattern of immunostaining revealed that anti-α v β 3 monoclonal antibody binds to specific sites of tumor sections, forming isolated stained patches. This isolated patch pattern was found in more developed larger tumors. This could be due to the fact that the integrin molecule might be involved in migration and nesting of tumor cells into specific regions to form DCIS or intraductal carcinoma. Results also showed that the α v subunit expresses earlier than the β 3 subunit. These data provide insight into tumor cell biology and developmental characteristics that will guide the future construction and use of targeted contrast and therapeutic agents capable of tracking, imaging, or treating a tumor at the earliest stage of formation.
INTRODUCTION
The development of molecular imaging technologies is complemented by increasing our fundamental understanding of the molecular biology of our targets. Targeting cells associated with cancer and angiogenesis using multifunctional agents coated with specific antibodies against tumor antigens (tumor markers) will subsequently lead to more effective tracking, imaging, and therapeutic measures.
Integrins are a family of cell surface receptors that mediate adhesion to a wide range of ligands present within the extracellular matrix or on the surface of opposing cells. Integrin activation controls cell adhesion, migration, and extracellular matrix as-sembly, thereby contributing to processes such as angiogenesis, cell proliferation, apoptosis, tumor cell metastasis, inflammation, the immune responses, and homeostasis (1) (2) (3) . Structurally, integrins are heterodimers composed of noncovalently associated alpha and beta subunits. There are over 25 known integrin receptors. One integrin receptor that promises to be an effective target for molecular imaging of cancer because of its role in angiogenesis is the α v β 3 integrin, also called the vitronectin receptor. The α v β 3 integrin is expressed during angiogenesis and has been shown to correlate with tumor grade (4). It is typically overexpressed on various malignant tumors as well as on endothelial cells during neovascularization (5) , in comparison to normal epithelium. The α v β 3 integrin is also found on normal platelets, neutrophils, and endothelial and epithelial cells. Co-binding of α v β 3 on aggressive metastatic cancer cells with platelets usually occurs. This is believed to lead to the attachment of circulating tumor cells to a thrombus of platelets and the establishment of a new colony (metastasis). Many investigators have studied the correlation between different integrin receptor expressions and tumor formation, metastasis, and prognosis (6) (7) (8) (9) .
To our knowledge, there has been no study that shows the time course of the molecular expression of the α v β 3 integrin and its subunits in breast cancer. Investigating and characterizing this time course will directly affect our strategies for functionalizing contrast and therapeutic agents and targeting them to tumors at various stages of growth. Thus, in this study, we designed a controlled experimental approach for mammary tumor formation in an inbred rat model using a widely utilized carcinogen, Nmethyl-N -nitrosourea (MNU). Weekly, after carcinogen administration, a group of three inbred rats was killed and examined for any early sign of mammary tumor formation. Dissected tumors were found in a wide range of sizes, from very small (<0.1 cm) to well established (>2.0 cm). All of the collected samples were used for immunohistochemical analysis using monoclonal antibodies against α v , β 3 , and α v β 3 to quantify the expression profiles of these tumor markers. Based on our previous research using nanoparticles and microspheres for tracking and imaging tumor cells (10) (11) (12) , having knowledge of the time-dependent expression profiles and expression levels of these cancer markers will aid in developing effectively targeted particles. More generally, this knowledge will aid in designing imaging protocols in clinics for oncology investigations (13) using any one of the molecular imaging modalities such as MRI (14) (15) (16) (17) , optical coherence tomography (OCT) (18, 19) , PET, ultrasound, and near-infrared fluorescence imaging technologies (20) (21) (22) .
MATERIALS AND METHODS

Animal model
Thirty-six Wistar-Furth female inbred rats (32 days old) (Jackson Labs, Bar Harbor, ME, USA) were used in this study. Experiments were performed in compliance with an experimental protocol approved by the Institutional Animal Care and Use Committee at the University of Illinois at Urbana-Champaign. The rats were individually housed, fed standard rat chow pellets, and provided with water and food ad libitum. Rats were kept on a 12-hr light-dark cycle and housed in the Biological Resources Facility at the Beckman Institute for Advanced Science and Technology at the University of Illinois At Urbana-Champaign.
Mammary tumor induction
N-methyl-N -nitrosourea (MNU) (50 mg/kg body weight), a carcinogen known to induce mammary tumors in rodents, was injected intraperitoneally (i.p.) twice, at a 1-week interval. The first injection was made in the left side and the second injection in the right side of the peritonea. For a negative control, a group of three Wistar rats were kept under the same housing conditions but with no MNU injection, receiving only an i.p. injection of the carrier buffer (0.9% NaCl, pH 4.0). Following MNU or control injections, animals were palpated weekly to determine mammary tumor development.
Sampling and tissue sectioning
For tumor sampling, rats were euthanized by CO 2 inhalation. Animals were then dissected and a whole mount of mammary tissue, regional lymph nodes, and any possible tumor [from very early stage (<0.1 cm) up to late stage (2.2 cm)] were resected. Tumor dimensions were measured by Fowler Calipers (Fred V. Fowler Co., Newton, MA, USA). The collected samples were placed in a freezing box containing isopropanol to control the rate of temperature decline and left at −80
• C overnight. Subsequently, the samples were transferred into liquid nitrogen for long-term preservation. Whole mounts of mammary tissue were kept at −80
• C. The frozen tissues were cryosectioned, with a thickness of 5 µm, using a Leica CM 3050 S Cryostat (Heidelberger Strusse, Nussloch, Germany). Thin cryosections were overlaid on poly-l-lysine-precoated slides (Histology Control Systems, Inc., Fisher, St. Louis, MO, USA), dried at room temperature for 30 min, and fixed with cold acetone for 15 min at 4
• C. For longer preservation, the fixed sections were kept at −80
• C before usage.
Cell lines
Human umbilical vein endothelial cells (HUVEC) (Cambrex Bio Science Walkersville, Inc.) were used as a positive cell line for the α v β 3 integrin.The HUVEC cell line was grown using the EGM-2 BulletKit (CC-3162) (Cambrex Bio Science Walkersville, Inc., East Rutherford, NJ, USA). Cell monolayers were grown on sterile round microscope cover slips (Fisher brand), which were placed in sterile Petri dishes containing specific cell culture media. Defined numbers of cells (typically approximately 10 6 ) were added into the corresponding media. Twentyfour hours after cell growth, the cover slips were washed three times using PBS. Then cells were fixed with cold acetone for 15 min at 4
• C and kept at −20
• C for subsequent immunochemical analysis using the appropriate primary and secondary antibodies to perform indirect solid-phase fluoroimmunoassays. A human breast adenocarcinoma cell line (SKBR-3) (ATCC) was used as a control (nonoverexpressed cell line) for α v β 3 integrin. The SKBR-3 cell line was grown in McCoy's 5A medium (modified) (ATCC) at 37
• C in a humidified CO 2 incubator (5% CO 2 and 95% air). The cell monolayer formation and staining were performed exactly as described for the HUVEC cells.
Specific monoclonal antibodies
Mouse IgG1 monoclonal anti-α v (Cat. No. GTX16821), anti-β 3 (Cat. No. GTX40146), and anti-α v β 3 (Cat. No. GTX40143) (Gene Tex, Inc., San Antonio, TX, USA) were used as primary antibodies.
Subsequently, fluorescein-5-isothiocyanate (FITC-isomer 1) conjugated to donkey antimouse IgG (H+L) with minimal cross-reactivity to rat was used as a secondary antibody (Lot No. 71524, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA).
Immunochemical analysis
To detect the subunit expression profiles from early tumor formation up to late-stage tumors, 5-µm-thick adjacent cryosections were made for all of the collected tumors and used for immunostaining. All sections were preblocked with 10% normal donkey serum (in PBS + 1% BSA) for 30 min at room temperature in a humid box. After blocking, the sections were washed 3 × 2 min using the washing buffer (PBS + 0.1% Tween 20). Then each section was incubated with the proper monoclonal antibodies (approximately 5 µg/mL) for 90 min at room temperature using the humid box. The sections were subsequently washed 3 × 2 min using the washing buffer. After washing, fluorescein-conjugated secondary antibody (1/100 dilution) was added to each section, incubated for 60 min in the humid box, then washed 3 × 2 min using the washing buffer. A drop of a hard set mounting medium (Vectashield, Vector Laboratories, Inc.) with (H-1200) or without (H-1400) propidium iodide (PI) was used for each fluoroimmunostained section and then covered with a cover slip and kept at 4
• C for subsequent studies using fluorescent microscopy (Axiovert 200, Carl Zeiss, Germany).
Qualification and quantification analysis of immunofluorescence data
All of the fluoroimmunostained sections were studied by the same immunologist (R.R.) for qualification and scoring using fluorescence microscopy. The scoring was performed blinded and was also verified by a second investigator while performing the quantitative immunochemical analysis. Expression of the tumor markers either on the samples or on the negative controls were scored as completely negative (-), very low (±), low (+), intermediate (++), high (+ + +), and very high (+ + ++). To obtain the relative fluorescence intensity for each tumor marker expression during tumor formation and tumor growth, quantitative analysis was performed using MATLAB (The MathWorks, Inc., Natick, MA, USA) and ENVI (ITT Corporation, Boulder, CO, USA) software. The degree of expression of each tumor marker was quantified by analyzing image intensity profiles. We assume that there is a direct correspondence between the number of bright points (pixels) in a fluorescence image and the degree of expression of each integrin subunit. Image histograms were computed and intensity thresholds were chosen and set uniformly for each fluorescence image. A Lloyd-Max quantizer was first used to estimate the approximate value of the threshold. This method works well if there are distinct bright and dark regions, resulting in bimodal histograms. In cases where the histograms are not distinctly bimodal, the thresholds were chosen manually, with the Lloyd-Max threshold as the starting point, so as to include all bright regions and also such that any further change in threshold would result in the background being included. The number of pixels having intensity values higher than this threshold was computed for each image. Using the equation: %fluorescence = 100 × (number of pixels higher than threshold/total number of pixels), the percent fluorescence intensity was subsequently computed.
RESULTS AND DISCUSSION
Tumor induction
In this study, tumors of the same size induced at different times after carcinogen injection were examined for tumor marker expression. Typically, the induction of visible tumors in this experimental model occurred 6-8 weeks after carcinogen injection. We harvested the mammary tissues exactly 1 week after carcinogen injection, and continued this for other animals on a weekly basis, prior to any visible mammary tumor formation. Mammary tumors became visible to the eye at approximately 6 weeks. Whole mount preparations of mammary tissues were prepared and stained with H&E. There was epithelial cell proliferation and dysplasia present before the visible small-sized tumor formation. Immunostaining for α v β 3 integrin and subunits was not performed on mammary whole-mount preparations, but was performed on every tumor when they became visible. The immunostaining results showed that the expression profiles did not appear significantly on very small-sized tumors (<0.2 cm), but increased in tumors 0.2 cm and larger. Further increases were noted in relative proportion to tumor size. The tumor marker expression correlated with tumor size but not with the time after MNU injection. Therefore, the terms early and late stages refer to the size of tumors (small or large) and not the time after carcinogen injection. The size of the tumors varied from less than 0.1 cm up to more than 2.0 cm (Table 1) .
Cell line immunostaining
All of the primary monoclonal antibodies used in this study had a known specificity and reactivity with the rat integrin molecule and its subunits. To scientifically validate this for this study, testing was performed on positive and negative cell lines. To verify the specificity and activity of the monoclonal antibodies, and also to find the proper working dilutions for both primary and secondary antibodies, the integrin-positive and integrin-negative cell lines were subjected to indirect solidphase immunostaining. The results indicate that all monoclonal antibodies used in our assays had high specificity and activity toward the HUVEC positive cell line (Fig. 1) , with little to no reactivity with the SKBR-3 control cell line.
Immunochemical analysis of tumor sections
Results showed that the α v subunit expresses earlier than the β 3 subunit (Table 1 and immuno-staining revealed that anti-α v β 3 antibody binds to specific sites of tumor sections, forming isolated stained patches (Figure 2) . After using the PI application in Fig. 2 , we were not able to observe the stained nuclei of the tumor cells in the patch areas because the tumor sections were first treated with the primary monoclonal anti-integrin antibody and then treated with FITC-labeled secondary isotype-matched antiimmunoglobulin. Based on this coverage, and due to a masking effect, the PI could not penetrate to the tumor cell areas (patches) of the section because of steric hindrance. Hence, there was little to no red staining in these patch regions. In the indirect immunofluorescent assay applied for the immunochemical analysis, different antigenic determinants present on primary antibody molecules and recognized by secondary antibody molecules would eventually amplify the deposition of large quantities of antibody molecules mostly with the molecular weight of 150,000 Dalton. This kind of deposition will make a broad and impermeable barrier for any subsequent penetration, even for small-molecularweight molecules such as PI (molecular weight of approximately 668.4 Dalton). However, under higher magnification of the patch areas, small disperse regions of red PI staining are evident, which are indicative of the presence of tumor cells in the patch areas (Fig. 2) . This further demonstrates that the integrin molecule involved in this patch formation of tumor cells is localized to specific areas of the total tumor section.
The patch formation after immunostaining was also observed using the monoclonal anti-β 3 subunit antibody, while anti-α v showed a homogeneous pattern in immunostaining. The patch form of staining was found in more developed larger tumors (Fig. 3) , which may be due to the fact that the integrin molecule, especially the β 3 subunit, is involved in migration of tumor cells into nesting sites to form DCIS or intraductal carcinoma. In accordance with the localization pattern it was also suggested that the β 3 integrin is involved in tumor progression (23) (24) (25) . In particular, the β 3 integrin, which is associated with a number of cancers, including prostate, cervical, breast, stomach, melanomas, and glioblastomas (26) (27) (28) (29) (30) (31) , has been recently targeted by a molecular probe (32) . The anti-α v β 3 immunostaining also revealed the integrin involvement in angiogenesis, especially in larger tumors. Although it was observed that in addition to the nesting pattern of the tumor cells and subsequently the patch formation, the α v β 3 integrin was also involved in making new vessels supply the necessary nutrients for the new colony of tumor cells (Fig. 4) .
The patch regions show the role of the integrin molecule in the selective homing pattern of tumor cells. We have used different monoclonal antibodies specifically to follow the expression pattern and order of α v β 3 integrin and its subunits. Because our main focus was not on angiogenesis, we did not use specific monoclonal antibodies that would target vessel markers such as CD31. However, the findings presented in Figure 4 are suggestive of vessel formation based on the morphological and spatial arrangements of the cells expressing the α v β 3 integrin, and further study is warranted.
Statistical analysis
For statistical analysis, because of small sample size, we used the Chi-square goodness-of-fit test. The results showed that the α v subunit expresses earlier than the β 3 subunit (p < .002) (sample size 10). The expression of the α v subunit with increasing tumor size was not significantly different (p < .79). However, the β 3 subunit and the α v β 3 integrin molecule had statistically meaningful increases in expression with larger tumor sizes (p < .017 and p < .0000001, respectively) (sample size 8). Qualification and quantification analysis of immunochemical findings Table 1 summarizes the qualitative scoring data for the expression of each tumor marker as correlated with tumor size. Using MATLAB and ENVI software, a subset of the immunochemical data were also analyzed quantitatively. The results showed that at a tumor size of 0.2 cm it is possible to detect early expression of the α v subunit (Fig. 5) . At this stage the β 3 subunit has not yet been expressed (p < .002, N = 10). The ability of the α v subunit to combine with alternative beta subunits is well documented (33) (34) (35) , which supports our finding that the α v subunit is expressed earlier than β 3 . Also, it has been shown that the α v subunit influences conformation and ligand binding of α v β 3 (36) . In another study (37) , it was shown that M21 human melanoma variants lacking the α v gene expression failed to express the integrin α v β 3 (M21-L cells). Thus, our finding about early expression of the α v subunit is in agreement with the literature.
To our knowledge, this is the first documentation of the α v β 3 subunit expression in a breast cancer animal model. At the early stage of tumor formation where the α v subunit was detected but not the β 3 subunit, we were not able to detect the α v β 3 integrin receptor. This shows that the specific monoclonal antibodies against α v β 3 are specific toward the bound heterodimer integrin receptor and are not capable of recognizing the subunit monomer. When the tumors became larger and the expression of β 3 gradually increased, it was observed that the α v subunit could no longer be detected strongly using a monoclonal antibody against the α v subunit. The main subunit of the α v β 3 integrin for binding to its specific ligand such as fibrinogen, fibrin, and vitronectin is the β 3 subunit (38) . At larger tumor sizes (>1 cm), bound β 3 subunits are mostly observed, which may cause some form of a masking or blocking effect on the α v subunit. Therefore, because of steric hindrance caused by the β 3 ligand binding, the specific antibody against α v may not be capable of recognition and binding. Crosstalk among integrins, both positive and negative, is well established (39) . The mechanisms, however, are not entirely clear, but are believed to include signal transduction and possibly competition for limiting components. It is completely clear, though, that integrins can affect functions of other integrins. Others have reported that binding of the α v β 3 receptor to its ligand, such as RGD, may block angiogenesis by inducing apoptosis (40) (41) (42) . This may explain some of the downregulation observed for the integrin expression in our study, especially for the α v subunit in the larger tumors. Although we did not study the dimerization of α v with alternative β subunits, the relative changes of the β 3 subunit, compared to other β subunits throughout tumor development in this model is of interest, and will be part of future investigational studies.
CONCLUSIONS
To track and image tumor cells at the earliest stages of tumor formation, and ultimately eradicate them through different targeted means, requires a thorough understanding of the targeted receptors and their ligands. Further development of different tumor markers will provide better approaches for focusing Expression of Alpha-v and Beta-3 Integrin Subunits 501 Cancer Invest Downloaded from informahealthcare.com by Ashley Publications Ltd precisely on tumor cells at the right time and in the right place. The α v β 3 integrin receptor is the only one that binds to fibrinogen. This property of the integrin receptor, with the attachment of circulating tumor cells to a thrombus of platelets, may eventually cause the establishment of a new colony and is believed to be involved in tumor cell invasion and metastasis. Also, this integrin is essential for tumor survival through its role in providing a new blood supply for growing tumors (angiogenesis). Characterizing the expression profiles and spatial distributions of this receptor, as well as the timing of subunit expression, will provide essential information for tracking, imaging, and destroying tumor cells at early stages of development.
In this study, and for the first time, we have shown that in an animal model for human breast cancer, the α v expresses earlier than the β 3 subunit. This suggests that targeting the α v subunit may aid in identifying and treating breast cancer at an earlier stage. The time-dependent expression levels provide data that can subsequently be correlated with agent-targeting efficacy at various stages of tumor growth, and the spatial distribution of these tumor markers provides insight into how targeted contrast and therapeutic agents would localize in tumors, and ultimately distribute therapy spatially throughout the tumor and tissue. These results directly complement the development of targeted agents for identifying and tracking small tumors and even individual tumor cells in vivo using any one of the increasing number of molecular imaging modalities and techniques.
